)-mediated oxidation of However, in single channel recordings we found that sulfhydryl (SH) groups on neighboring (vicinal) cysteine donors of nitric oxide, a putative intercellular messenresidues. The covalent modification of a free SH group, ger, could directly activate the native olfactory neuron was also proposed to mediate the change in activation channel. Its action was independent of the presence of a smooth muscle Ca-dependent K channel.
of the normal ligand and did not involve the cyclic
Here we show that NO, or one of its alternative forms, nucleotide binding site, suggesting an alternate site is able to activate the cyclic nucleotide-gated (CNG) on the molecule that is critical in channel gating. The channels from olfactory neurons in a cGMP-and guanybiochemical pathway appears to utilize nitric oxide in lyl cyclase-independent manner, providing yet another one of its alternate redox states, the nitrosonium ion, pathway for channel activation by NO groups. Additiontransnitrosylating a free sulfhydryl group belonging to ally, the activation is long lasting, in contrast to the a cysteine residue tentatively identified as being in the presumed short lifetime and transient activity of the free region linking the S6 transmembrane domain to the radical form of NO. Thus, this new mechanism also proligand binding domain.
vides a mechanism for prolonged effects of nitrogenous messengers. Although the significance of this for olfacIntroduction tory transduction is not yet clear, the recent demonstration that NO synthase is expressed transiently by newly Cyclic nucleotide-gated channels form a family of ion developing olfactory receptor neurons suggests a possichannels that are structurally related to voltage-gated ble role for NO during neuronal regeneration (Roskams channels, but that require the binding of either cAMP et al., 1994; Zhao et al., 1994) . or cGMP for activation. Although they have recently
Of particular interest was the possibility that NObeen identified in an assortment of cell types and tissues mediated activation occurred not only independently (Yau, 1994) , they are most prevalent in the peripheral of cyclic nucleotide ligands but by a mechanism that sensory receptor cells of the visual and olfactory sysbypassed ligand binding entirely. Because this channel tems, where they play a crucial role in transducing senshares structural homology with voltage-gated chansory information into changes in membrane potential. nels but is activated by intracellular ligands acting at a In olfactory neurons, the channel can be activated by clearly defined binding domain separate from the pore, either cAMP or cGMP, although it is generally believed several laboratories have pursued molecular investigathat under normal physiological conditions it is a rise in tions aimed at mutationally separating the tightly couintracellular cAMP that is responsible for channel activapled processes of binding and gating. One important tion (Firestein and Zufall, 1994; Shepherd, 1994) . Howresult from these studies is that processes leading to ever, because of their sensitivity to cGMP, the intercelluchannel opening are distributed in several regions lar messenger nitric oxide (NO) (Moncada et al., 1991) throughout the protein, including not only the cyclic nuhas been proposed as a signaling molecule in the olfaccleotide binding region but also a region in the N-termitory system (Breer and Shepherd, 1993) . In this model, nal segment of the channel (Goulding et al., 1994 ; Gor-NO activates a soluble guanylyl cyclase, producing don and Zagotta, 1995a) and a series of residues cGMP that then activates the ion channel. This interacsurrounding a conserved histidine in the linking region tion between NO and guanylyl cyclase represents a between the binding site and the last transmembrane widespread signaling mechanism that links extracellular domain (Gordon and Zagotta, 1995b) . From the activity stimuli to the biosynthesis of cGMP in adjacent cells we observe with NO groups and with other agents that (Ignarro, 1990; Moncada et al., 1991; Snyder, 1992) . modify free SH groups, it appears that in native channels More recently, the growing number of biological efa cysteine group in the region linking the S6 membrane fects ascribed to NO has made it clear that more than domain to the ligand binding domain is also critical in one pathway must be involved and, indeed, that NO gating. Thus NO, aside from its physiological relevance, alone may not be the only active form (Stamler et al., may be a useful tool in understanding how gating, as 1992a; Lipton et al., 1993; Butler et al., 1995) . Alternative redox states and downstream species of NO have been distinct from binding, is regulated in this ion channel. Results after removal of the drugs, suggesting that a persistent modification of the channel had been caused by NO, in one of its redox states.
Recordings from Inside-Out Patches
Characteristic single-channel activity recorded from inApplication of SNC did not affect the single-channel conductance level, which was 50.5 Ϯ 1.4 pS (mean Ϯ side-out patches from the soma and dendritic membrane of olfactory receptor neurons is shown in Figure  SEM ) in the presence of 20 M cAMP, and 51.8 Ϯ 2.1 pS in the presence of 100 M SNC (n ϭ 6). Amplitude 1. The control recording (top "CTRL" trace), in the presence of symmetrical Ca 2ϩ -free solutions, showed no histograms were nearly monotonic in the presence of either cAMP or SNC. In the example shown on the right channel openings. When cAMP (20 M) was applied, single channel openings and bursts of openings ocin Figure 1 , the single peaks were fit with Gaussian curves giving mean amplitudes of Ϫ1.86 pA and Ϫ1.95 curred. cAMP-gated channels were found in 53% of the patches (n ϭ 155). The effect of cAMP was fully and pA for cAMP and SNC, respectively. For 6 cells, the mean amplitudes were Ϫ2.02 Ϯ 0.08 pA and Ϫ2.07 Ϯ rapidly reversible after removal of agonist (middle "CTRL" trace). Upon addition of the nitric oxide donors, 0.12 pA for cAMP and SNC, respectively (all values at Ϫ40 mV, holding potential). Thus, it appears that SNC S-nitroso-cysteine (SNC) at 100 M, or 3-morpholinosydnonomine (SIN 1) at 200 M, long bursts of channel and cAMP are acting on the same population of channels. openings and clusters of channel openings appeared on the current trace (Figure 1 ). When no channels were activated by cAMP in a patch, SIN 1 or SNC also failed to Analysis of Single Channels Activated by NO Groups or cAMP activate channels, or to increase the patch permeability (data not shown), indicating that SIN 1 or SNC specifiOpen and closed times were measured for channel activation by either cAMP or SNC (Figure 2 ). Mean open cally activated a cAMP-gated conductance. Conversely, whenever a patch contained a channel activated by times were similar in the presence of either cAMP or SNC (Figures 2A and 2C) . A single exponential fit of the cAMP, SNC or SIN 1 was also able to activate a channel. Inactive SIN 1 or SNC (i.e., solutions more than 24 hr open time distributions gave time constants of 0.45 ms (mean ϭ 0.46 Ϯ 0.02 ms, n ϭ 6) for cAMP, and of 0.50 old) had no effect on patches containing CNG channels, nor did the by-product cystine (100 M) or 100 M cystems (mean ϭ 0.51 Ϯ 0.02 ms, n ϭ 6) for SNC. The closed time distributions (Figures 2B and 2D) were best fit by ine alone, indicating that the effects were dependent on the production of NO groups. Channel activity induced at least two exponentials. The time constants for the slow component were 0.83 ms (mean ϭ 0.72 Ϯ 0.04 ms) by either SNC or SIN 1 was only slowly reversible, with occasional channel openings occurring for up to 30 min for cAMP, and 1.03 ms (mean ϭ 1.11 Ϯ 0.10 ms) for SNC (n ϭ 6). The fast closed times, probably indicative of activated by IAA, no further increase in channel activity was observed upon addition of SNC, either because the the proton block that has been described in this channel (Goulding et al., 1992; Root and MacKinnon, 1994) , were SNC had already saturated the open probability of the channel, or because these two substances might be 0.05 ms (mean ϭ 0.05 Ϯ 0.01 ms) for 500 M cAMP and 0.13 ms (mean ϭ 0.11 Ϯ 0.02 ms) for 100 M SNC (n ϭ acting at the same site. Open probabilities measured from 5 min long recordings showed that SNC or IAA, 6). An additional closed time that reflected the gaps between bursts had a time constant of 17.2 Ϯ 2.7 ms either singly or in combination, significantly increased the maximum open probability that could be attained in cAMP and 42.1 Ϯ10.4 ms in SNC. The main effect of SNC was to increase the open probability of the channel by saturating concentrations of cAMP alone ( Figure 3C ). As with SNC, when CNG channels were absent from the by nearly 2-fold (1.77 Ϯ 0.11, n ϭ 6) over the level produced by a saturating concentration of cAMP. Morepatch, as determined by the failure of saturating cAMP to activate a conductance, no effect of IAA could be over, the application of 100 M SNC to an already saturating concentration of cAMP induced additional observed. Experimental results of this type rule out the possibility that IAA, even at the high concentrations used channel openings ( Figure 3A ), suggesting the possibility that cAMP and NO-mediated activation may not occur here, activated a nonspecific conductance producing an increase in the patch permeability. through the same mechanism, or even at the same molecular site on the channel. This possibility will be exTo further investigate the mechanism underlying channel activation, we tried several other reagents that plored in more detail below. modify sulfhydryl groups with known chemistry (White, 1972; Kenyon and Bruice, 1977; Jocelyn, 1987a Jocelyn, , 1987b .
SH Modifying Reagents Open the cAMP-Gated Channels
On the assumption that the NO group was modifying a free SH group, we applied dithiothreitol (DTT) to deterSince there was no GTP or ATP in any of the solutions, the activation by NO groups appeared to be due to a mine whether this reducing agent could reverse the activation. In Figure 4A , top trace, it can be seen that DTT direct effect on the channel. One possible mechanism would be the covalent modification of SH groups on (2-10 mM) had no effect on the activity of SNC applied directly to the patch. Application of DTT before introducthe channel protein, as was suggested for a class of potassium channels in smooth muscle (Bolotina et al., tion of SNC or after SNC was washed out, or for longer times (up to 20 min), was also without effect (data not 1994). To test this possibility, we exposed the membrane patch to the SH modifying reagent iodoacetamide (IAA).
shown). Higher concentrations of DTT resulted in loss of patch stability. In biochemical reactions, concentrations In Figure 3B , application of 2 mM IAA produced immediate channel openings with similar activity to those obup to 100 mM have been occasionally required to produce disulfide bond reductions (Jocelyn, 1987a ). Anserved after the addition of SNC ( Figure 3A) . The effect of IAA was not reversible. After the channel has been other sulfhydryl alkylating agent, N-ethylmaleimide (NEM, 50 M), also activated the channel irreversibly patch. Additionally, application of a membrane-impermeant form of NEM, 1 mM dextran-NEM (kind gift of Dr. and, as expected, its effect was not reversed by DTT either ( Figure 4A , middle trace). On the other hand, Steven J. Kleene), also activated the channel in insideout patches (data not shown). 5,5Ј-dithiobis-(2-nitrobenzoic acid) (DTNB), an oxidizing agent that acts by formation of a disulfide bond between The molecular cloning of the rod cGMP channel and the catfish, rat, and bovine olfactory channels has identiitself and a free SH group on the protein (forming a dithiobenzoate-protein complex) also activated the fied at least 8 cysteine residues in the amino acid sequence (Kaupp et al., 1989; Dhallan et al., 1990 ; Ludwig channel, but its effect was reversed by application of DTT ( Figure 4A , bottom trace). These results, taken toet al., 1990; Goulding et al., 1992) . Of these, four are both highly conserved and reside intracellularly; three gether ( Figure 4B ), suggest that the activation of this channel by NO groups is by oxidation of a free SH group, of them are located in the cAMP binding site of the channel. Because NO appears to exert its action indebut that the subsequent formation of a disulfide bond between vicinal thiols belonging to neighboring cysteine pendently of cAMP (see Figure 3A) , we reasoned that the cysteine residue outside of the binding domain would be residues may not be required.
A possible chemical mechanism underlying the efthe most likely target for the NO group. fects of NO (probably in the form of NO ϩ ) is likely to be the S-nitrosylation of thiol groups on cysteine residues
The NO Group Induces Channel Opening Independent of the Ligand Binding Region (Pryor and Lightsey, 1981; Pryor et al., 1982) , a mechanism that has been previously suggested for NMDA reTo test this hypothesis, we have used several lines of experiments. In Figure 4C , we have taken advantage of ceptors (Lei et al., 1992; Lipton et al., 1993 ). The results above using sulfhydryl modifying agents (IAA, NEM, the DTT reversible effect of DTNB to show that DTT does not interfere with cAMP activation of the same DTNB) suggest that the donor cysteine groups must be on the intracellular portion of the channel protein channel. Thus, DTT reverses the activation of the channel by DTNB, but has no effect on channel activation because, unlike NO, these reagents are only very poorly membrane permeable (Donner et al., 1990), and so must by cAMP. In Figure 4C , we have used a concentration of DTNB (50 M) able to evoke an open probability have acted on the intracellular face of the membrane (C) DTT (2 mM) can reverse channel activation by DTNB (50 M), but has no effect on activation of the channel by cAMP. Note that DTNB at 50 M is expected to give an open probability of 0.78 (see B), whereas cAMP at 50 M is expected to give an open probability of only 0.54. Thus, the cAMP induced openings are much shorter than those induced by the stronger oxidizing agent DTNB. of 0.78 Ϯ 0.4 (n ϭ 5), which is nonetheless reversed competitive antagonist (data not shown). Thus, with the binding site blocked by antagonist, the NO group was completely by DTT (2 mM). However, the same concentration of DTT had no effect on the action of a relatively still able to activate the channel. On the possibility that the NO group still had access low concentration of cAMP. Alone, 50 M cAMP gave an open probability of only 0.53 Ϯ 0.02 (data not shown), to the cyclic nucleotide binding region, we used a very high concentration of cAMP (1 mM) to completely satuand in the presence of DTT the open probability is 0.49 Ϯ 0.02 (n ϭ 5, NS). These different effects of DTT rate the binding site, thereby screening NO groups from this site ( Figure 5C ). Although it remains possible that suggest that the SNC-mediated channel activation is by a different mechanism than that of cAMP.
the SNC was able to out compete the cAMP for access to the binding site, the low concentration of SNC versus As a further test we have used Rp-cAMPS, a competitive inhibitor of protein kinase A types I and II (Rothermel the nearly 10ϫ saturating concentrations of cAMP argue against this likelihood. In these experiments, we relied and Parker Botelho, 1988) , that has also been shown to act as a partial agonist of the olfactory CNG channel on the very different rates at which the channel recovered from activation by cAMP or by NO. To determine (Kramer and Tibbs, 1995, Biophys. J., abstract) . When 500 M Rp-cAMPS was applied alone, it weakly actithese rates, we first measured the return to baseline activity level (i.e., open probability ‫ف‬ 0) after removal of vated the channel ( Figure 5A ); only very rare and short openings could be observed. When Rp-cAMPS was 1 mM cAMP or 20 M SNC. For cAMP, the recovery rate was less than 3 s, most of that time being due to coapplied with cAMP, it strongly antagonized the cAMP effect. However, coapplication of 100 M SNC with Rpthe speed with which the perfusion system could remove the cAMP. In contrast, the channel required more cAMPS resulted in long channel openings that displayed kinetics similar to those induced by SNC alone (Figure than 7 min to recover after the removal of 20 M SNC. In the experiment shown in Figure 4C , we first added 1 5B). Further, the delay between SNC application and channel activation did not change significantly in the mM cAMP to saturate the cyclic nucleotide binding site and then applied 20 M SNC. The SNC was then washed presence of Rp-cAMPS, as would be expected from a Recovery times (open probability ‫)0ف‬ were less than 3 s for cAMP, and more than 5 min for SNC (20 M) and for the combination of cAMP and SNC, as can be seen from the recordings after 5 and 10 min, respectively. out while cAMP was continuously perfused for an additherefore, be important in the conformational gating change normally subsequent to cAMP binding (Goulding tional 30 s (10 times the duration required to completely change the solution around the patch as determined Finn and Yau, 1995, Biophys. J., abstract) . from the washout of the cAMP effect). Finally, the cAMP was washed out and the recovery time was measured.
Recordings from Whole-Cell and Cell-Attached Patches If the time to recover to baseline followed the cAMP control (i.e., 2-3 s) then we would conclude that NO had It is believed that the proposed reaction between NO in one of its alternative redox states (probably as NO ϩ ) no effect on the channel and that access to the cyclic nucleotide binding site was required. However, the reand free SH groups can occur under normal biological conditions (Pryor and Lightsey, 1981; Pryor et al., 1982) . covery followed the time course of the NO control (7 min), indicating that even though NO had no access to
To determine whether the effects of nitric oxide donors could play a role in the intact cell, we performed parallel the cyclic nucleotide binding site, it still activated the channel in its characteristic manner.
experiments in the cell-attached patch configuration. The addition of SIN 1 (200 M) extracellularly induced These results, taken together, all support a model in which cAMP and SNC were acting at different sites on channel openings of the same amplitude as those observed in inside-out patches ( Figure 6 ). Additionally, a the CNG channel, and that activation by NO groups did not occur via the cyclic nucleotide binding site, or, more 1 s pulse of 500 M SNC applied to an intact cell under whole-cell voltage clamp resulted in the immediate apprecisely, via the modification of SH groups belonging to cysteines in the cAMP binding site. From the known pearance of a depolarizing current of 100-150 pA ( Figure  7 ; n ϭ 3). This result is similar to that shown in Xenopus amino acid sequences, the remaining intracellular, conserved cysteine is located in the region linking the S6 laevis olfactory neurons following the addition of sodium nitroprusside (Lischka and Schild, 1993) ; but contrary transmembrane domain to the cAMP binding region (Kaupp et al., 1989; Dhallan et al., 1990; Ludwig et al., to these experiments, this current was not dependent on the presence of GTP in the intracellular pipette solution. 1990; Goulding et al., 1992) . This cysteine residue may, not required for activity. Additionally, DTT was able to reverse the SH oxidizing effects of DTNB while leaving the cAMP activation of the channel unperturbed. The effect of DTT, as a strong reducing agent, was itself a further indication that the action of the NO group was at a cysteine residue. From sequence comparisons of cloned CNG channels, the most likely target was identified as a cysteine residue located in the intracellular loop linking the cyclic nucleotide binding region to the transmembrane domains forming the channel pore. This would also be consistent with recent studies of chimeric channels that have identified this region as being involved in channel gating, as distinct from ligand binding (Gordon and Zagotta, 1995a) . during neuronal regeneration in adult life (Roskams et Ϫ70 mV. al., 1994; Zhao et al., 1994) . Developing or regenerating olfactory neurons are dependent on outside stimuli, i.e., odors, for their activity, and these odors may not always Discussion be present in the environment during critical growth periods. Thus, NO production may be important in mainThe main result of these investigations is the demonstrataining activity in developing neurons independent of tion that CNG channels from olfactory neurons can be the stimulus environment. Since the CNG channels are directly activated by NO donors. The mode of action is highly permeable to Ca ions (Zufall and Firestein, 1993 ; distinct from the well-characterized biochemical pathFrings et al., 1995) their activation could also provide a way by which nitric oxide activates soluble guanylyl cypathway for increasing intracellular Ca 2ϩ concentration, clase to produce cGMP. Activation in our experiments a first step in many cellular processes. occurred in an isolated inside-out patch of membrane Aside from the physiological role of NO, its ability to bathed continuously by solutions free of GTP, ATP, and activate the CNG channel by a cyclic nucleotidecyclic nucleotides. In whole-cell experiments, currents independent mechanism provides a possible tool for could be evoked with no GTP in the electrode-filling separating the processes of ligand binding (affinity) and solution.
channel gating (efficacy). Our data suggest that the cysChannel activation appeared to result from the interteine residue in the S6 linker region is critical for this action of NO, or one of its redox-related forms, with a activity and may therefore be a key locus for translating cysteine residue located in an intracellular loop of the binding affinities into gating efficacies, a finding that is channel protein. This was suggested by several lines of also consistent with recent data from mutational analyevidence. First, SH modifying agents that are virtually sis of cloned CNG channels (Finn and Yau, 1995, Biomembrane impermeable were able to mimic NO action in phys. J., abstract). The added value of NO as a tool in this inside-out membrane patches, indicating an intracellular analysis is that, unlike mutagenesis, it can be applied site of action. Second, neither saturating concentrations transiently to single native channels obtained from memof agonist nor antagonist had any effect on the activabrane patches of living neurons. Since the available tion of the channel by NO groups, showing that occupacloned channels behave somewhat differently from nation of the nucleotide binding site by NO products was tive channels, it is critical to be able to explore these issues in native channels as well.
NO Causes a Chemical Modification That Favors the Open Channel Conformation
The activation of the olfactory CNG channel by direct interaction with NO in one of its redox states represents yet another pathway for this cellular messenger. A similarly long-lasting and guanylyl cyclase-independent activation of a smooth muscle Ca-activated K channel by NO has also been reported (Bolotina et al., 1994) , suggesting that this novel NO pathway may be more widespread. Previously, Lei et al. (1992) , Lipton et al. (1993) , and Lipton and Stamler (1994) showed that the Although the chemistry of nitrogen monoxide in soluRp-cAMPS, IAA, NEM, DTNB, or DTT) were perfused. All pharmacotion remains somewhat controversial, it is generally logical agents were prepared fresh daily and dissolved in the Ca 2ϩ -free solution for perfusion via a micropipette apparatus positioned agreed that the NO radical alone cannot be responsible close to the patch of membrane. All recordings were made at room for the myriad effects ascribed to it (Stamler et al., 1992a;  temperature. Patches of membrane were pulled from the dendritic Lipton et al., 1993; Lipton and Stamler, 1994; Butler et or soma membrane (Zufall et al., 1991) and typically contained one al., 1995). Recently, several investigators have raised to three channels. The data presented here are all from patches the possibility that production of NO leads to a number with a single channel as determined by the observation that no of downstream reactions in which the NO, in one of its superposition of channel currents were detected during long stretches of recordings even with saturating concentration of cAMP redox states (i.e., NO ϩ ), reacts with free thiol groups on
(1 mM). Under whole-cell configuration, the intracellular pipette solucysteine residues, producing nitrosothiol species with tion was different from the bath solution (Ca 2ϩ -free solution); it conregulatory functions (Lipton et al., 1993) . This reaction tained 110 mM CsCl, 1 mM CaCl2, 2 mM MgCl2, 10 mM EGTA, 4 is known to occur under physiological conditions (Pryor mM HEPES, 1 mM Mg-ATP (pH 7.6). The holding potential was and Lightsey, 1981; Pryor et al., 1982) and the resultant Ϫ70 mV.
nitrosothiols are often comparatively stable compounds
Single channel currents were recorded using an Axopatch 1D patch-clamp amplifier (Axon Instruments, Foster City, CA, USA) and with half-lives of up to 40 min, as in the case of stored on digital audio tape (DAS 75, Dagan Corporation, Minneapo-S-nitrosoalbumin (Stamler et al., 1992b) . This is certainly lis, USA). Signals were played back, digitized and stored on a Macinthe case in our experiments where brief treatments with tosh Quadra 700 using the software Acquire (Instrutech, NY). The NO donors initiate activity that outlasts removal of the filter bandwidth was 0-2000 Hz, and the sampling rate was 100 s.
drug by tens of minutes.
The signals were analyzed using the software programs MacTac
It is interesting to speculate on the possible physiolog-(Instrutech, NY) and Igor (Wavemetrics Inc., OR). Channel detection was by the 50% threshold protocol. The data are presented as mean ical significance of this pathway, especially in regard to values Ϯ SEM. Differences between means were analyzed using the activation of ion channels. The NO free radical is a the Student's t test for paired experiments.
short-lived molecule with a half-life that restricts not only its activity but also its spatial spread. In a cell
